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ABSTRACT
ADDITIVE MANUFACTURING OF SUB-MICRON FEATURES AND
MECHANICAL LINKAGES
MAY 2022
DAVID K. LIMBERG
B.S., UNIVERSITY OF ILLINOIS URBANA CHAMPAIGN
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Ryan C. Hayward

In recent years material constraints have become the limiting factor in several fields,
including batteries, robotics, and medicine, and these needs have prompted the
development of materials with programmable properties. To this end, much effort has been
dedicated to designing metamaterials that have unprecedented optical, mechanical, and
thermal properties, along with systems for additive manufacturing to build their complex
structures with high precision and throughput. The field of additive manufacturing has
proved to be a platform for innovation across many industries yet is still limited with
regards to feature sizes, print rates, and diversity of materials. Mechanical devices like
linkages have been used to construct metamaterial architectures but designing with
compliant materials has proved challenging. This thesis focuses on additive manufacturing
for two main thrusts: application of light-based 3D printing to study how compliant
materials change the behavior of linkage systems, and development of a new 3D printing
method for sub-micron additive manufacturing. In Chapter 2, 4-bar linkages are studied
and compliant bistable beams are used to achieve drastic changes in possible linkage
configurations. In Chapter 3, sub-micron resolution additive manufacturing is
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demonstrated using triplet-triplet annihilation, which requires only inexpensive light
emitting diode light sources rather than pulsed lasers. In Chapter 4, catalysts and responsive
materials are used to achieve chemomechanical motion. Lastly, in Chapter 5, an outlook is
presented for the future of the field of additive manufacturing and areas of further study
are identified.
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CHAPTER 1
ADDITIVE MANUFACTURING TECHNIQUES AND APPLICATIONS
1.1 Introduction
Additive manufacturing, also known as 3D printing, describes a wide variety of
techniques that are used to fabricate three dimensional structures of varying complexity
from digital models,1–3 and has revolutionized dozens of industries throughout the fields of
engineering, materials science, healthcare, consumer products, and art.4–6 In contrast to
traditional fabrication techniques that require custom parts like molds or lithographic
masks before a single part can be made, additive manufacturing approaches focus on
adding material onto a growing part at specific points in three-dimensional (3D) space
based on digital models, and a multitude of designs be fabricated using a single 3D printer.1
This has enabled rapid iterative design cycles, where defects in designs can be identified
and fixed within days or hours instead of weeks or months. In addition, parts with internal
voids or supports can be fabricated in a single piece, which has been used to great effect in
the aerospace industry.7 However, additive manufacturing remains limited in a few key
respects, including fabrication time, structural integrity of finished parts, material choice,
and size scale of printed objects. While fabrication with injection molding, for example,
takes seconds to fabricate multiple objects in a single mold, additive manufacturing often
requires hours to fabricate a single design. Mechanical properties of molded parts tend to
follow the properties of the bulk material, but most additive manufacturing occurs layerby-layer. This tends to introduce weaknesses at the interfaces between layers, which have
fused together, often imperfectly.8 Further, even with an expanding library of materials
used in additive manufacturing, materials are typically limited to polymers and metals.
1

Finally, while highly specialized 3D printers have been used to build houses and boats9,10,
most 3D printed parts are limited in scale from 0.1-10 cm.
1.2 3D Printing via Extrusion
While many types of additive manufacturing have been tested, only a few key
techniques have reached widespread adoption. Fused deposition modeling (FDM) melts a
thin polymer filament in the write head and ejects a strand of molten filament, which cools
and solidifies in the desired location, and must be supported by other material and
connected to the build plate. Resolution and write speed are therefore limited by the fluid
dynamics of the molten polymer, and has achieved resolutions down to 30 µm.11,12 This
method also is the most affordable, as spools of thermoplastics like PLA or ABS and simple
heating elements are less expensive than lasers, optics, and resins that are prevalent in other
methods. One feature of FDM printing is that printing with multiple materials in a single
object can be achieved by adding another write head with a different material.13 In addition,
printing with viscoelastic inks and composites has enabled shape morphing 3D structures,
which show promise for the development of metamaterials and soft robotics.14,15

Figure 1.1: Selected additive manufacturing techniques a) Continuous liquid interface
production b) Selective laser sintering of powders c) Light based stereolithography of
liquid resins, d) Fused deposition modeling, e) Direct ink writing, reproduced with
permission from Springer Nature.1
2

1.3 3D Printing with Light
Instead of depositing layers of molten material, selective laser sintering (SLS)
deposits a fine layer of particles using a powder bed. A laser rasters over the layer and
sinters the particles together, both to each other and the layer below, after which another
layer of particles is deposited. The resulting part is usually then annealed to increase
particle fusion and improve mechanical properties of the finished object. One key feature
of this method is that objects with complex interior structures can be printed without
support material since the unsintered powder acts as a support during printing and can be
easily removed.16 The particles must be kept at very consistent environmental conditions
near their melting point, and resolution in SLS is limited by the size of the powder particles,
all of which can increase cost. SLS is commonly performed on metal and polymer powders,
of which nylons are the most common.
One of the most compelling 3D printing techniques has been the use of light to
solidify a photosensitive resin. In stereolithography (SLA), a light spot is rastered over a
thin layer of resin on the growing part. In digital light processing (DLP), an entire layer is
exposed to light at once using an image that represents a slice of the object, which enables
much faster write speeds.17 Resolution in these cases is limited by diffraction and the optics
used to focus the light spot(s), and has been demonstrated as low as 0.6 µm in projection
microstereolithography.17,18 The materials used in these techniques are liquid resins,
typically of acrylates blended with photoinitiators and may include dyes or fillers to modify
optical or mechanical properties.
Recent advances in 3D printing with light have included increasing print rates
dramatically using continuous liquid interface production (CLIP),19 multimaterial
3

printing,20 sub-micron printing,21,22 and volumetric printing.23,24 High speed printing with
light was pioneered with the development of continuous liquid interface polymerization
(CLIP), which increased volumetric print rate dramatically compared to other 3D printing
mechanisms.25 In this method, oxygen, which inhibits polymerization, is transported
through a permeable window and forms a dead zone where polymerization cannot occur.
Instead, the part is formed above the dead zone and can be printed continuously, which
also removes layering artifacts and anisotropic material weaknesses that plague layer-bylayer fabrication methods. Multimaterial printing with light has been developed through
the use of orthogonal photoinitiators so that a single resin can be cured with two different
photoinitiators and resulting cured areas have different properties.20,26,27 The highest
resolution 3D printing technique is multiphoton lithography, where two low energy
photons are required to excited a photosensitizer to start polymerization. Volumetric
printing involves printing within a resin bath and does not require deposition of new
material layer by layer. These last two advancements are described in more detail in
Chapter 3.
1.4 Mechanical Metamaterials
Metamaterials are a class of materials that are designed to have properties derived
from their internal structure and differ and surpass those of their constituent materials.
Metamaterials have been fabricated that modify optical, thermal, and acoustic properties.28–
31

Mechanical metamaterials have dynamic mechanical properties that can include negative

Poisson’s ratios32–34, vanishing elastic modulus35, and unique vibrational properties.36
Current research on mechanical metamaterials have used origami,37–39 thin buckling
elements40, and soft mechanisms to achieve dynamic properties.41 The development of
4

Figure 1.2: a) Topological chain of rigid bars and springs b) Gears mounted on solid
links, connected through joints, and arranged into a lattice to form a geared topological
metamaterial c) topological origami, d) Topological metamaterial with zero mode
localized at a dislocation on the left and corresponding state of self-stress localized at
the dislocation on the right. Reproduced with permission from Springer Nature.20
fabrication techniques is essential to the advancement of metamaterials, as the building
blocks must be reproduced without defect to achieve targeted bulk properties. Many current
studies on metamaterials use additive manufacturing techniques or layer-by-layer
photolithography to build devices, as translation of designs into materials is relatively
straightforward. Because of this, research into fabrication methods is essential to the
advancement of metamaterials. Current fabrication techniques are often limited to ~cm size
devices, but pushing this into the ~µm regime will enable new technologies including
microlenses,42 optical metamaterials,43 ultralight support lattices,44,45 and precise control of
acoustics.46 In addition, the application of new mechanical mechanisms will develop
understanding and either enable new approaches to achieve similar properties or introduce
entirely new properties to materials. This all serves to develop materials for next-generation
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applications, including acoustic and thermal cloaking,47–50 soft robotics,51,52 and
mechanical logic devices.
1.5 Soft Robotics
Soft robots are a class of responsive or autonomous devices inspired by living
organisms that use highly compliant materials such as polymer gels or elastomers instead
of traditional materials like metals and electronic wires.53 While stiff materials often have
high strength and can conduct electricity, soft materials are useful while interacting with
living things, including humans, as comfort and adaptability are prioritized.54 These types
of robots have been shown to have myriad applications including for medical devices and
procedures, comfort and therapy55, marine exploration and interacting with animals56,57,
and search and rescue.58 Soft robotics also take inspiration from animals like the octopus,
where neurons are distributed among multiple nerve centers in the limbs.59 Similarly,
designs for soft robots could distribute simple logical functions throughout the device using
mechanical logic elements and metamaterials and work in tandem with a central processing
system for higher order logical tasks.60,61
To this end, material systems have been designed that integrate sensing with
mechanical motion and computation to produce logical devices. Some systems include
using pneumatics for shape-morphing materials, origami structures that respond to
humidity and perform basic computation62, and buckling elements that can be 3D printed.40
1.6 Mechanical Mechanisms - Linkages
Mechanical mechanisms have been developed by humans for millennia to translate
forces and motion in new directions and with greater efficiency. Examples include the
screws, gears, pulleys, levers, and linkages. Of these, linkages are useful for translating
6

motion or force from one direction to another, and have the fundamental components have
been used for oil pumpjacks, sewing machines, and train wheels.63 Linkages and lattice
networks can also be used to model how materials behave, from network glasses64,65 to
jamming particles66–68 and polymers69–71. Research on 4-bar linkages has yielded a great
deal of understanding that can be applied to building topological metamaterials with
outstanding properties.36,72,73
1.7 Thesis Outline
Despite significant advances in these fields in recent years, many open challenges remain.
First, a few classes of mechanical metamaterials have been developed including some
preliminary work with mechanical linkages but have not used compliant materials,74 which
may impart new behaviors. Second, 3D fabrication techniques are the limiting factor for
the development of metamaterials, namely print resolution and accessibility of highresolution 3D printing. To address these challenges, this thesis explores the use of
compliant materials with systems of mechanical linkages to develop an understanding of
how material choice impacts their configuration spaces and builds in switchable properties.
Next, we develop a method of 3D printing with light to achieve sub-micron resolution
features without the use of a laser light, drastically reducing the cost of fabrication
compared to competing techniques. After this, a chemomechanical system is introduced
that couples sensing and actuation to advance the field of soft robotics. Finally, we
summarize the work and present an outlook for future work in these areas.
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CHAPTER 2
APPLICATION OF COMPLIANT AND BISTABLE BEAMS IN 4-BAR
LINKAGE SYSTEMS FOR SWITCHABLE BEHAVIOR IN LOGIC DEVICES
2.1 Introduction
Mechanical logic devices have been developed for centuries, and while early
models aimed to predict astronomical phenomena, later devices, such as Babbage’s
Analytical Engine, were designed to perform mathematical computation with increasingly
complicated functions.75 Today, computers based on electronic transistors are powerful and
very accessible, but alternative forms of computation still offer a variety of advantages.
Broadly, mechanical logic devices approach sensing, signal propagation, and computation
in different ways that may be exceptional for niche applications. Mechanical devices are
more resilient in extreme environments with high radiation or thermal exposure like in
space or inside nuclear reactors,76,77 molecular logic devices featuring DNA and proteins
perform parallel processing with large numbers of molecules computing together,78,79 and
optical logic devices show promise in pushing computation beyond the limits of electronic
devices.80 Microfluidic logic devices promise to bring Boolean logic to chemical and liquid
systems using bubbles81 and droplets.82 Mechanical logic devices have historically been
large, but similar design principals have led to fabrication of more complex
microelectromechanical systems (MEMS) logic devices, that offer higher density of logical
elements and lower power consumption.83–86
Coupling small logical elements together is directly applicable to the growing field
of programmable matter and mechanical metamaterials.87,88 Metamaterials, or materials
designed so that their properties supersede those of their substituent materials, have been
8

developed that exhibit unique mechanical,47,89,90 optical,91 thermal49, and acoustic
properties.92 Recent advances in materials science and fabrication technologies including
additive manufacturing and lithographic techniques have enabled a diverse array of
advances in metamaterials including building 3D systems and using flexible
materials.28,93,94 Many mechanical systems have been applied to logical devices with
potential applications for metamaterials, of which a few will be discussed further.
Origami, or structures made by folding a flat sheet into a 3D conformation, have
also been used for logical elements and metamaterials, as dramatic shape changes due to
folding are routine.95–98 In work by Via et. al., logic devices were constructed using
waterbomb folding patterns.62 Polymers responsive to humidity were used to induce
folding in one direction or another, which influenced an output fold.62 This work also
highlights the unique ability to couple mechanical computers with environmental sensors
or responsive materials that can interface directly with the computational elements without
transduction to an electrical signal. While this demonstration presents a unique application
of origami, it still has limitations, in that the 2D nature of origami limits the number of
inputs and outputs and the type of logical elements that can be built; NAND gates were not
able to be constructed.62
Bistable buckling elements have been used to build logical devices capable of
carrying a signal and rudimentary computation.40 Signal propagation was achieved by
overcoming the energy barrier to buckle beams from one state to the other, AND gates
were formed by combining two bistable elements that propagated a signal when both were
activated.40 OR gates were based on 4-bar linkage mechanisms as an incoming push was
split to two bars that were forced perpendicular to the input, which pulled on two connected
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beams and pulled the output beam in the opposite direction of the input.40 Logical elements
including NAND gates were constructed by combining these fundamental elements.

2.2 4-bar linkages
A 4-bar linkage is a type of mechanical mechanism that translates an input force
or motion into an output force or motion. Devices in this category are comprised of four
bars connected in a loop with four joints that allow the bars to rotate freely in plane, as
shown in Figure 2.1. In this case, L4 represents the fourth bar since the two points at its
ends are fixed in space and L1 and L3 still rotate freely about those points. The
fundamental concepts associated with these types of linkages has informed many fields,
including ship building, architecture, kinesiology, and medical devices.99,100 In addition,
logical elements have been constructed from systems of links and rotary joints based on
4-bar linkages. In work by Merkle et. al., two 4-bar linkages were connected via a center
beam to form a “lock” mechanism.74 An individual linkage moved freely when the other

Figure 2.1: A 4-bar linkage construction with 4 lengths connected by 4 freely rotating joints.
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was in a neutral position, but could not move when the opposing linkage was actuated.
This mechanism was used to design NAND gates using a clock mechanism and multiple
inputs.74 Compliant materials have been used in 4-bar linkages for prosthetic devices that
are more reliable and impact resistant than metal linkages.101
2.3 Configuration spaces of 4-bar linkages
Diagrams can be constructed describing all possible configurations of a 4-bar
linkage with specified dimensions, which can be described as the configuration space. An
example of a 4-bar linkage is shown in Figure 2.1. Assuming L1 = L2 = L3 = L4, the joints
are freely rotating, and beams are infinitely stiff, the configuration space for this linkage is
shown in Figure 2.2. This device features three critical points, where the device can move
along one path or the other but requires some additional input to ‘decide’ which path to
take. The configuration space can be modified by adjusting the relative lengths of the

Figure 2.2: Configuration space diagram for a 4-bar linkage where L1 = L2 = L3 = L4.
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A

C
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D

Figure 2.3: Modified configuration spaces, where relative beam lengths are A) L2 = L4 >
L1 = L3 and B) the corresponding configuration space C) L2 = L4 < L1 = L3 which forms
D) the corresponding configuration space
connecting beams. Examples of modified configuration spaces and their corresponding
linkages are shown in Figure 2.3. These modifications eliminate the same critical point,
but the resulting configuration space is different in each case. The configuration spaces can
therefore be engineered using the relative lengths of beams to achieve a multitude of
behaviors including the elimination of all critical points. Configuration space simulation
and engineering was performed by Michelle Berry and Professor Christopher Santangelo
at the University of Massachusetts Amherst and Syracuse University.
2.4. Compliant beams in 4-bar linkage systems
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These models of linkage behavior operate under the assumption of infinitely stiff
beams and freely rotating joints, while physical materials have some degree of compliance.
Therefore, when designing linkages and configuration spaces for the construction of logical
devices, the effects of compliant materials must also be considered. Furthermore, materials
that deviate very far from the base assumption (i.e. very soft) may impart radically different
properties to the device. Linkages were therefore constructed using both stiff and soft
materials and compared to model linkage behavior. LEGO Technic pieces were selected
as a model system to build 4-bar linkages because the materials have relatively high
modulus and offer pins with relatively low friction, which approximate the conditions used
for simulations. While friction in the rotating joints means that energy is required to move
along the lines in the configuration space, beam compliance transforms the configuration
space into an energy landscape, where the device is no longer constrained to the lines
depicted in the theoretical models.
Custom beams were designed using Fusion 360 CAD software according to
measurements and models from reference beams uploaded to the Thingiverse repository.102
Designs were converted in to .stl files and printed using a Formlabs Form 2 SLA 3D printer
with a variety of resins with the 50 µm layer thickness setting. Support locations were
chosen by the Preform software, but not allowed to be placed inside the holes in the beam
where pins were placed to allow pin placement and free rotation without obstruction from
pieces of support material. After printing, the parts were placed in a bath of isopropyl
alcohol for 10 min to remove uncured resin from the part’s surfaces, then a different bath
of isopropyl alcohol for another 10 min as a second wash step. The final parts were dried
and separated from the support material. While post-cure steps are recommended by
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Figure 2.4: A) Configuration space diagram for the linkages shown in B) and C). D) Linkage
constructed with LEGO technic pieces from design in C with compliant middle beam and
rotated to state near 0, π. E) Middle beam compresses and bends to allow linkage to transition
from state D to F reversibly.
Formlabs to fully cure the material and reach final mechanical properties, we did not use
use them because placing the printed parts in an oven at the recommended temperature
caused warping.
Immediately after printing, Formlabs Elastic 50A resin was observed to have very
soft mechanical properties, but after a few days (~ 48 h) the resin was observed to become
stiffer. This was attributed to background curing over time and was used to toughen the
material before stretching it in a linkage. Additional curing was required because the
Elastic 50A resin was very sticky after 3D printing, even after multiple wash steps. The
modulus of the ABS plastic used in these model pieces was estimated to be 1.9 GPa103,
while the modulus of Elastic 50A resin was approximately 3 MPa according to Formlabs
documentation.104
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These compliant beams were then inserted into a 4-bar linkage and enabled new
transitions in the configuration space, as shown in Figure 2.4. The 4-bar linkage design is
shown in Figure 2.4C, and corresponding configuration space shown in Figure 2.4A. The
beams were rotated to achieve position D, then the middle beam was compressed and
buckled to achieve position E, after which the beam returned to its original length and
reached position F. This shows that the linkage can transition between distant states
through a previously disallowed pathway by using a beam that can deform.
A new configuration space schematic diagram was then constructed by using a
compliant center beam instead of all perfectly stiff beams, and is shown in Figure 2.5. The
modulus difference of about 1000:1 allowed the approximation that the side beams were
infinitely stiff compared to the middle compliant beam, and the compliant beam was treated

Figure 2.5: Theoretical configuration space with energy cost for linkage shown in Figure
1.4. States on the black curve require no energy to reach. Higher values and lighter colors
correspond to more energy required to reach those states.
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as a linear spring that could be stretched or compressed. Buckling was not considered in
this model. Traversing along the dark lines requires no energy input assuming friction is
negligible, while all other states can be achieved with some force to deform the middle
beam. The energy scale represents relative energy to reach each state, which does not
consider the mechanical properties of materials in physical linkages. The experiment in
Figure 2.4 moved the linkage across the saddle at 0, π, which is the lowest energy transition
between line segments that does not pass near a critical point. This transition was achieved
through beam buckling due to compressive stress, so Figure 2.5 is best used as a simple
visualization of the energy landscape. These results show that compliant materials can
drastically change the behavior of a linkage and enable previously disallowed transitions
in linkage configuration space.
2.5. Bistable beams
A compliant, deformable beam can move along only one pathway with no energy
input, but a beam that is stable in two different lengths, or bistable, can transition between
configuration spaces, as shown in Figure 2.6. These beams were fabricated with a much
stiffer resin, Formlabs High Temp resin, with a modulus of about 40 MPa. This resin was
chosen primarily for its mechanical properties so that the bending energy for buckling was
high enough that the beam could not transition between states accidentally. The beam was
switchable by simply pulling the pieces apart or pushing them together, which caused the
linkage to switch from one configuration space to another.
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D

E

Figure 2.6: A) Bistable beam design B) beam in short state C) beam extended D)
Configuration space and two example linkage conditions when middle beam is shorter than
all others and E) when middle beam is longer than all others
2.6. Gating signals in Kane-Lubensky chain models
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A Kane-Lubensky chain describes motion of points connected by rigid beams,
which are systems of 4-bar linkages connected to each other, as shown in Figure 2.7A.73 A
soliton moving through such a system can be considered a signal that propagates along the
chain. Previous work demonstrated the construction of a Kane-Lubensky chain using
LEGO technic pieces.105 Individual beams were placed on their own x-y plane, which
allowed free rotation without collisions in-plane. The fourth “beam” of each linkage was
constructed by placing support structures above and below the chain and offset by a known
distance. Linkages were connected to each other using axle pieces that tied the rotation of
one beam to the equivalent beam in the next linkage. This design was adopted for our
system, as shown in Figure 2.7B, where the chain was deconstructed to its fundamental

A
B

C

Figure 2.7: A) Kane-Lubensky chain B) A single repeat unit built with LEGOs where each beam
lies on its own x-y plane, and beam lengths measure (L1, L2, L3, L4) = (3, 3, 3, 2) with C)
corresponding configuration space for linkage in B, where red dot marks the position of the linkage
in B.
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building block, a single 4-bar linkage. This linkage rotates freely along the curve marked
with the red dot. Since the configuration space has no critical points, the linkage must be
reassembled to reach the alternate pathway. A signal is propagated when the linkage makes
a 2π rotation.
The signal was gated with the addition of two more bars that build a connected 4bar linkage perpendicular to the chain direction, as shown in Figure 2.8. The locking unit
was built with LEGO pieces which demonstrated the configuration space of the linkage,
shown in Figure 2.8C. When L4 = 4, the linkage rotates freely, but when L4 = 6, the linkage

A
Unlocked
Locked

B

C

6

4

Figure 2.8: A) Kane-Lubensky chain with locking mechanism attached in locked state B)
Locking subunit build from LEGO where (r, l, a) = (3, 3, 2) and (L1, L2, L3, L4) = (3, 4, 4,
6) C) Configuration space of linkage defined by (L1, L2, L3, L4) in the locked and unlocked
states. When L4 = 4 the linkage winds through 2π in 2 , but when L4 = 6 it cannot.
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cannot rotate through all angles due to the additional two beams reaching full extension
and restricting linkage motion.

B

C

4
2

A
Figure 2.9: A) Custom adjustable beam used for L3 that is between 2 and 4 units long B)
Locking subunit built from LEGO with custom beam where (r, l, a) = (3, 3, 2) and (L1, L2,
L3, L4) = (3, 4, 4, 2) C) Configuration space for the linkage defined by (L1, L2, L3, L4) in
B, where the green path describes the linkage when L3 = 2 and the blue path when L3 = 4.
A similar restriction can be achieved by changing the length of L3. Since L3 is an
independent linkage and not connected to the support structure, an adjustable linkage can
be used in place of a typical LEGO piece. The bistable beam design could not be reused
for this application since the beam lengths in this linkage were too short for the previous
method to both collapse into a short beam and extend to a long beam. Instead, a slider
mechanism was employed, taking advantage of the fact that beams exist on their own x-y
plane and have no width constraints. A piece containing a peg hole was inserted in the
device and the tolerances were set tight enough that sliding the free piece only occurred
purposefully. Formlabs Grey Pro resin was selected for its high modulus (2.2 GPa) and
smooth finish when printed, which facilitated surfaces sliding on each other.
The adjustable beam was added to the linkage as shown in Figure 2.9, and the
configuration space for this linkage shown in Figure 2.9C. In this case, shortening L3 results
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in a linkage where θ3 can access all angles through 2π but θ2 cannot, while lengthening L3
allows θ2 to access all angles and θ3 is limited. Adjusting the beam length depends on
overcoming friction, which acts as an energy barrier to transitioning.
2.7. Conclusion
Compliant and bistable beams were applied to 4-bar linkage systems to modify their
behavior. Configuration space modeling and design by collaborators allowed us to build
linkages with known properties. Construction with soft and flexible beams enabled the
linkage to transition between paths within a given configuration space with the application
of a force to deform the beam. Bistable beams enabled linkages to transition from one
configuration space to another by overcoming an energy barrier related to beam bending
mechanics and friction. Adjustable linkages were used to construct gating subunits for
systems of 4-bar linkages that propagate signals. In each of these cases, compliant materials
enabled switching behavior with application of a force or stimulus. These systems show
promise for fabrication of logical elements and metamaterials using stimuli-responsive
polymers and composites. For example, photomechanical crystals could be embedded in
certain beams in a metamaterial, which generate a force or length change that allows a
wave to propagate through the material. In this case the material could have switchable
mechanical properties, where it would be stiff when the linkages are locked but flexible
when unlocked.
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CHAPTER 3
TRIPLET-TRIPLET ANNIHILATION PHOTOPOLYMERIZATION FOR HIGH
RESOLUTION 3D PRINTING‡
3.1 Introduction
Stereolithography

(SLA)

and

related

3D

printing

methods

based

on

photopolymerization have significantly advanced the field by offering relatively high
spatial resolution and competitive throughput compared to other methods where resolution
is limited e.g., by fluid dynamics of molten polymers in fused deposition modeling (FDM),
or particle size in selective laser sintering (SLS). They are based on a photosensitive resin
that polymerizes and solidifies when exposed to light at the surface of a resin bath.1,106–110
Projection microstereolithography has been shown to enable high spatial resolution over
large areas, down to 0.6 μm with single photon excitation17,111–113, but is still limited to
printing layer by layer at the surface of the resin.18 If the focal point is moved into the
middle of the resin bath, light attenuation and significant polymerization out of the focal
plane limit the ability to print desired features. However, recent advances have contributed
to the development of volumetric printing, or printing within a resin bath, including the use
of: photosensitizers and masking dyes to enable orthogonal initiation schemes with
different wavelengths of light20,26, beam splitting114, tomographic techniques23,115, and two
color lithography.24,116 While powerful, these techniques have so far been limited to
resolution of 25 μm24 at the smallest.
‡Portions of this chapter are reprinted with permission from David K. Limberg, Ji-

Hwan Kang, and Ryan C. Hayward, Journal of the American Chemical Society 2022
144 (12), 5226-5232, DOI: 10.1021/jacs.1c11022. Copyright 2022, American
Chemical Society
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In contrast, 3D printing based on two-photon polymerization (TPP) has enabled 3D
printing within the bulk of a resin bath or photoresist with lateral dimensions as small as
60-100 nm.21,117 Consequently, TPP has found widespread application in fabrication of
micromachines118, medical prototypes119, microfluidic devices120, photonic structures121,
mechanical metamaterials122–124, and tissue engineering scaffolds125 that would be difficult
or impossible to fabricate using conventional photopolymerization-based 3D printing
techniques. In TPP, two low energy photons excite a photoinitiator by arriving within a
very narrow time window.126 Since the rate of excitation depends on light intensity squared,
polymerization can be effectively confined to the focal point of the light with dimensions
similar to λ3, while absorption of out-of-focus light is strongly suppressed.1 While TPP is
a powerful technique, the high cost of commercial instruments based on pulsed laser
sources represents a key barrier to widespread adoption.
3.2 Triplet-triplet annihilation
Triplet-triplet annihilation (TTA; Figure 3.1) is an alternative route to access high
energy transitions using low energy photons, which can maintain relatively high
upconversion efficiency under low light intensity, differentiating it from TPP.126,127 In a
typical approach to TTA, a low energy photon excites a photosensitizer, which undergoes
intersystem crossing to a triplet state before transferring its energy to a triplet acceptor. Two
triplet acceptor molecules can annihilate to generate one singlet excited acceptor, which
decays, emitting a higher energy photon. Past studies have focused on understanding
upconversion kinetics,128–132 expanding the scope of TTA systems,126,133,134 and increasing
upconversion efficiency.135–140 Recently, TTA has been exploited in applications including
photovoltaics,141 microfluidic photochemical synthesis,142 photochromic materials,127 and
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Figure 3.3: TTAP scheme. Two photosensitizers are excited and undergo intersystem
crossing (ISC) to triplet states, whose energies are then transferred to nearby acceptors.
Two acceptors undergo TTA, promoting one to the singlet state. The acceptor then
transfers its energy to a photoinitiator, thereby initiating polymerization limited to the
focal point of the light. Inset: illustration of TTAP using an inverted optical microscope
to fabricate sub-micron features through a resin layer.
photopolymerizations.143–147 However, we are unaware of prior reports on the application
of TTA to high resolution 3D printing.
Here, we demonstrate that TTA offers a route to sub-micron resolution 3D printing
within a resin layer using an incoherent and low intensity LED source. The TTAP scheme
is depicted in the Jablonski diagram in Figure 3.1, where green light first excites the
photosensitizer, ultimately leading to TTA. The resulting singlet acceptor transfers its
energy to a photoinitiator, presumably through Förster resonance energy transfer (FRET),
since the average distance between acceptor and photoinitiator molecules is 5 nm, although
we cannot rule out a contribution from Dexter Energy transfer as well.148 The excited
photoinitiator then initiates free radical polymerization. Emission of upconverted blue light
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is observed during fabrication; however, reabsorption of these photons does not contribute
significantly to polymerization near the focal volume since the characteristic length for
absorption of 90% of upconverted light within the resin is estimated as ~ 600 µm from UVvis absorption measurements.
3.3 Materials and Methods
The TTAP resin used here is shown in Figure 3.2. The well-studied system of
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine

palladium

(PdOEP)

and

9,10-

diphenylanthracene (DPA) was selected from a library of a few dozen TTA pairs126 as it

Figure 3.4: a-f) Resin components: a) sensitizer: 2,3,7,8,12,13,17,18-octaethyl21H,23H-porphine palladium (PdOEP), b) acceptor: diphenylanthracene (DPA), c)
photoinitiator: Irgacure 2100 (I2100), d) monomer: trimethylolpropane ethoxylate
triacrylate (ETPTA), e) 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), f)
triphenylphosphine. g) UV-Vis absorption spectra of sensitizer, acceptor, and
photoinitiator in toluene. Selective excitation of PdOEP is achieved using 520-540 nm
light. h) Normalized photoluminescence of PdOEP and DPA (peak at 440 nm) in ETPTA
in the absence of photoinitiator.
25

has been shown to upconvert even in non-ideal conditions such as in polymer
matrices.149,150 Palladium stabilizes the triplet state of the porphyrin molecule and increases
its lifetime to 50-250 µs, which enables TTA at low light intensities. Typical DPA lifetimes
are long, at ~ 0.1-1 ms, leading to a reasonably high probability of TTA occurring.151,152
The photoinitiator, Irgacure 2100 (I2100), was selected because its absorbance overlaps
with the emission of DPA and because its liquid nature facilitates homogenous mixing.
Trimethylolpropane ethoxylate triacrylate (ETPTA) was selected as the monomer to reach
gelation quickly during 3D printing and for its high viscosity compared to other common
triacrylates such as trimethylolpropane triacrylate. TEMPO (2,2,6,6-tetramethylpiperidine
1-oxyl), which scavenges carbon radicals and thus controls polymerization, was included
as an inhibitor to decrease diffusional broadening.117 Triphenylphosphine was added to
reduce the effects of oxygen inhibition during photopolymerization,153 and presumably
increases TTA efficiency by limiting quenching by oxygen138. Figure 2g shows the UV-Vis
spectra of PdOEP, DPA, and I2100. PdOEP absorbs green light between 500 and 550 nm,
but neither DPA nor I2100 absorb in that region, therefore any excitation of DPA must
come from triplet energy transfer from PdOEP. DPA is expected to transfer its singlet
energy to the photoinitiator since the DPA emission peak overlaps the initiator excitation
peak near 440 nm.
3.3.1 Resin Formulation
The resin for TTAP was formulated as follows: 2500 mg of trimethylolpropane
ethoxylate triacrylate, 15 mg diphenylanthracene (Sigma Aldrich) from stock solution with
concentration 10 mg/mL in chloroform, 0.15 mg of 2,3,7,8,12,13,17,18-Octaethyl21H,23H-porphine palladium(II) (Sigma Aldrich) from stock solution with concentration
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0.5 mg/mL in chloroform, 91 µg TEMPO (Sigma Aldrich) from stock solution with
concentration 1 mg/mL in chloroform, and 12.5 mg triphenylphosphine (Sigma Aldrich,
solid) were added to a 20 mL vial. The mixture was stirred with a small magnetic stir bar,
capped with a septum, and placed under vacuum until bubbling stopped to remove
chloroform (~ 5 min). Next, the sample was uncapped and 25 mg of Irgacure 2100 (BASF)
was added, then the mixture was sparged for 30 min with nitrogen and capped. This
sparging step was found to be critical to the success of TTAP, as triplet-triplet annihilation
(TTA) and photopolymerization are both inhibited by the presence of oxygen, and singlet
oxygen generated through TTA will attack the photosensitizer and acceptor molecules and
cause photobleaching as well. Sparging for less than 30 min resulted in significant
inhibition during 3D printing, while sparging for longer than 30 min did not significantly
change the observed polymerization rate. Notably, this work was performed in Boulder,
Colorado, where the oxygen concentration in the atmosphere is significantly lower than
that at sea level. Therefore, samples prepared at sea level may need to be sparged longer to
decrease oxygen concentration below a critical threshold. After sparging, the resin was
then used for TTAP within ~ 1 h. The resin and sample must be kept in the dark or wrapped
with aluminum foil to limit background polymerization. Resin that was stored and reused
a few days later (1-7 days) was observed to polymerize with lower light doses, suggesting
that the quantity of TEMPO added to the formulation is not enough to inhibit acrylate
monomers from polymerizing at room temperature on long time scales.
These quantities were chosen to achieve a molar ratio of monomer to photoinitiator
of 100:1 and of sensitizer to acceptor of 1:100. Other ratios of sensitizer to acceptor were
tested, from 1:20 up to 1:200, but the 1:100 ratio showed best results for printing. Low
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proportions of acceptor failed to generate enough radicals to initiate polymerization, while
the highest proportions of acceptor were difficult to achieve due to low solubility in the
triacrylate monomer. Various TEMPO concentrations were tested, from 10 ppm up to
27,000 ppm, but the selected concentration of about 100 ppm controlled polymerization
while

allowing

printing

of

sub-micron

features.

Various

concentrations

of

triphenylphosphine were tested, and the concentration was chosen as 0.5 wt%, as higher
concentrations led to broadened features and very high light sensitivity while lower
concentrations showed highly inhibited polymerization.
3.3.2 Experimental Procedures for 3D Printing
Glass coverslips were cleaned by sonication in acetone, then isopropanol for 10 min
each, then rinsed in isopropanol and blown dry. These were used to form a sample cell
using single sided Kapton tape as a spacer that measured 70 µm thick. The sparged resin
formulation was loaded into the cell through capillary action. The edges of the sample were
sealed by UV curing the resin for 10 s with a 4W hand lamp set to 365 nm. The printing
area was masked off by fixing an adhesive aluminum patch measuring 2 cm in diameter to
a glass coverslip and placing this mask on the lamp. The sample was placed on top of the
mask so that the mask was between the sample and the UV lamp when curing. This allowed
the print area to be uncured and far away from the polymerized region. This chamber was
then placed on the inverted microscope for patterning. The main processing steps are
shown in Figure 3.3.
Fabrication was performed on an inverted microscope (Nikon ECLIPSE Ti) with a
100x oil immersion lens (CFI Plan Apo Lambda, Nikon) and immersion oil with a
refractive index of 1.515. The equipment setup is shown in Figure 3.4 and is described in
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3. Photopattern

1. Infiltrate
Spacer

4. Develop using solvent and
supercritical CO2

2. UV cure edges

Shadow mask

UV

Figure 3.5: Schematic illustration of the TTAP 3D printing process. Resin is infiltrated
into a chamber and the edges are sealed with UV light. Fabrication occurs by focusing
green light on the far side of the chamber and building the structure from the far surface
downwards into the bulk of the resin.
more detail in previous work by our group.154 Light was projected from a broad-band LED
source (Lumencore spectra LED) and reflected off of a digital micromirror array device
(DMD) (DLP Discovery 4100, 0.7 XGA, Texas Instruments) and filtered to the range 520540 nm using a custom filter cube containing a green light filter (520-560 nm) and low
pass dichroic mirror, where wavelengths below 510 nm pass through the mirror and
wavelengths above it reflected to the sample. The image on the DMD was constrained for
these experiments to squares of various sizes, from 4 by 4 pixels up to 32 by 32 pixels. At
high intensities, a sharp peak intensity was observed at 534 nm which is a convolution of
the emission spectrum of the LED source and the filter. This was measured with
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Figure 3.4: Microscope setup for TTAP fabrication experiments. The DMD is located at
the back of the microscope. Square masks used in TTAP experiments had side lengths of
4, 8, 16, and 32 pixels per side.
spectrometer (Ocean Optics Flame) at the sample plane after being focused through the
objective lens.
After fabrication, the sample chamber was carefully opened by sliding tweezers
between the glass substrate and the non-adhesive side of the Kapton tape, and subsequently
developed by immersing in ethanol for 1 min and gently agitating by hand, moving the
sample a distance of ~ 2 in back and forth (movement normal to the glass slide) once every
2 s. The ethanol was then removed via supercritical drying using a critical point dryer (EMS
850). The chamber was first cooled down to 3°C and the glass substrate was placed inside
with the printed features facing upwards to avoid accidental disturbance. Additional
ethanol (~ 0.1 - 0.3 mL, or about 5 drops) was added with a dropper to the surface of the
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glass slide to keep it wet and avoid drying, where the surface tension from ethanol could
collapse sub-micron features. The chamber was closed and flushed with cold liquid CO2
three times before refilling the chamber and heating up to 33°C. After the CO2 in the
chamber reached the supercritical state, the device was shut down and pressure released
slowly (~ 100 - 500 psi/min) to avoid condensation of monomer or ethanol on the substrate
and inside of the chamber. The dried samples were coated with ~ 2 nm of platinum and
imaged using SEM (Hitachi SU3500).
3.3.3

Programming and Intensity Measurements for 3D Printing:
Printing of macroscale structures was accomplished using a Formlabs Form2 SLA

3D printer using grey resin and 25 μm resolution setting. The .stl files for the elephant155
and open strut-like structure156 were downloaded from Thingiverse online repository.
Files were voxelized using an online voxelization tool and coordinates stored as a text
file.157 The voxel coordinate file was read into a custom MATLAB routine that first sorted
the coordinates and then directed the microscope stage to each x-y coordinate within the
first plane, placed in contact with the substrate, followed by an adjustment of the
microscope focal plane for z translation, and so forth. At each voxel position, light
exposure only occurred after the stage both moved and stabilized in the correct position, a
process that required approximately 1.0 ± 0.2 s, and varied depending on the distance
traveled. The LED was turned on for the desired exposure period and at the specified
intensity level as calibrated using a light power meter.
Light intensity was measured at the focal plane of the microscope using a ThorLabs
S120VC photodiode. The white LED source was turned on to various fractions of its full
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power (100%, 40%, 5%, etc.) and reflected off of the DMD, which was programmed with
a 146 x 146 pixel square pattern in the central area (where each square pixel measures
13.68 µm on a side). This area was chosen so that there would be enough light for the
photodiode to make an accurate measurement, but so that the measurement would be
restricted to the center of the DMD where the light intensity is highest, and which is used
for printing. The light was then filtered to 520-540 nm by the band pass filter and focused
on the photodiode using the 100x oil immersion lens. A drop of immersion oil was placed
between the photodiode surface and the objective lens. Power values were measured and
divided by the illuminated area (400 µm2) on the photodiode.
3.4 Printing Single Voxels
The resolution of TTAP is expected to be determined by a combination of the size
of the excitation volume and diffusional broadening of the various excited-state species,
which is estimated to be ~100-250 nm as discussed in the Section 3.8. As a bimolecular
process requiring close proximity of two excited-state molecules, TTA efficiency decreases
with increasing solution viscosity, which can be tuned to modulate both the excitation
volume and diffusion constant of excited species.145,150 In contrast, TPP has no intermediate
excited state species and therefore resolution is governed by excitation volume and
diffusion of radicals, which can be controlled with the use of radical quenchers and
inhibitors.117 Lanthanide nanoparticles that upconvert infrared to UV light have also been
used for 3D printing within a resin bath; while this approach shows promise, the resolution
has so far been limited to ~100 µm due to polymerization originating from the surfaces of
the particles.158
To determine the spatial resolution possible with TTAP, features of various sizes
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were printed using a custom-built instrument based on an inverted optical microscope
(shown in Figure 3.4). A broad-band LED source is reflected off a digital micromirror array
device (DMD), spectrally filtered to yield green light (520-540 nm) and focused using an
oil-immersion microscope objective lens (100x, NA 1.45) through the resin as depicted in
Figure 3.4. The DMD was used to project square patterns with side lengths of 0.55 – 4.5
mm with the focal plane positioned at the far surface of the cell. Resulting feature sizes for
various exposure times and light intensities (measured at the focal plane) are shown in
Figure 3.5. By tuning the illumination dose, it is possible to achieve features with in-plane
dimensions that match those of the projected feature for any given side length. At high light
doses, triplets and radicals are generated and can diffuse further away from the focal point,
leading to substantial broadening of features, which is especially prevalent for the larger
squares. Low light doses rarely resulted in features smaller than the illuminated pattern size
and yielded no observable polymerized feature below a certain threshold. However,
features as small as 0.6 ± 0.1 µm could be reliably printed using a spot size of 0.55 µm and
exposure time of 0.2 s as shown in Figure 3.5b. All the observed features were consistently
sized and shaped when printed under equivalent conditions, varying in dimensions by only
± 0.1 μm for the smallest features and up to 0.3 μm for largest features with high exposure
doses. In addition, no polymerization was observed through the thickness of the sample
chamber which enabled 3D patterning of sub-micron voxels within the interior of the resin,
a feature that has previously been possible with TPP, but not with SLA.
3.5 Measurements of Polymerization Rate with FTIR
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The dependence of polymerization rate, RP on light intensity, I, as determined by
FTIR and shown in Figure 3.6, provides further insight into the mechanism and kinetics of
TTAP. Direct excitation of photoinitiator with blue light was found to yield a power-law
behavior with an exponent of 0.36 ± 0.04, which is close to the value of 0.5 expected when
bimolecular termination dominates at steady state.159–161 In contrast, TTAP showed a
substantially higher power-law exponent of 1.38 ± 0.05. Excitation, and therefore the rate
of initiation, is expected to follow RI ~ I2 for a two-photon process such as TTAP or TPP,
such that the rate of polymerization then follows RP ~ I1 when bimolecular termination
dominates, however the exponent can be pushed as high as two or three by increasing resin
viscosity and adding inhibitors.162 The measured exponent for the TTAP system supports
the picture that the bimolecular excitation mechanism of TTA effectively suppresses
polymerization outside the focal point in similar fashion to well-established TPP methods.
This behavior is observed during printing, in that while intensities with green light at the

Figure 3.5: Plots of resulting feature size vs. projected size of square feature from
micromirror array for a) 0.1 s and b) 0.2 s exposure, with the intensities indicated in
the legend. Points on the red dashed line are plotted at y = 0 with open symbols;
polymerization was not observed under these conditions. The solid lines represent y =
x. The insets show the features corresponding to the circled data points (scale bar: 5 µm).
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Figure 3.6: Log-log plot of conversion rate vs. illumination intensity (mW/cm2) vs for
the same resin formulation with initiation either through TTAP with green light or direct
one-photon excitation of photoinitiator with blue light.
focal point are significantly higher than those used for FTIR experiments, polymerization
is not observed outside the focal point since intensity drops off rapidly with distance from
the focal plane and therefore polymerization kinetics follow the behavior seen in FTIR.
Notably, although single features with sub-micron dimensions could be printed with blue
light, attempts to 3D print structures using blue light led to polymerization throughout the
bulk of the resin, consistent with the relatively weak dependence of polymerization rate on
intensity (See Figure 3.11 for details).
Two additional control experiments were conducted to verify the mechanism of
TTAP. First, resins lacking PdOEP, but containing all other components, were not found to
undergo any discernable polymerization under green light illumination, indicating that
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direct excitation of the photoinitiator and/or DPA plays a negligible role in the process.
Second, since excited PdOEP can generate radicals itself or participate in TTA with another
PdOEP molecule and excite the photoinitiator145, we omitted DPA from the resin and also
tested a mixture of monomer and PdOEP lacking both DPA and I2100. In both cases, the
rate of polymerization was found to be two orders of magnitude slower than using the full
TTAP system, as shown in Figure 3.9. Thus, we conclude that PdOEP-sensitized TTA by
DPA, and subsequent excitation of the photoinitiator, is the only significant initiation
mechanism for the selected resin formulation.
3.5.1 FTIR Setup
FTIR Measurements were performed by preparing the resin as for 3D printing and
placing one drop between salt plates and pressing to form a thin layer free of bubbles. LED
sources from THORLABS were aimed at the sample and the light intensity at the sample
plane was measured with a THORLABS power meter before polymerization. The

Figure 3.7: Experimental setup for FTIR measurements
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experimental setup is shown in Figure 3.7. Each measurement started with no illumination
for 30 seconds to establish an initial area under the curve, after which the light was turned
on to observe polymerization over time at various light intensities, resin formulations, and
light colors. Polymerization was monitored by observing the disappearance of the =CH2
twisting peak for the acrylate at 810 cm-1.163,164 Conversion over time was calculated by
comparing the signal to the initial area under the curve before turning on the light. Rate of
polymerization was calculated from the slope of the conversion curve between 10-30%
conversion, where the slope is highest and before vitrification slows down conversion
significantly. An example graph of conversion over time and the conversion rate calculation
is shown in Figure 3.8. This was then plotted on a log-log plot against the applied light
intensity.

Figure 3.8: Conversion over time measured in FTIR using TTAP resin polymerized with
green light.
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3.5.2

Efficiency of photoinitiation by PdOEP compared to TTAP
Porphyrin compounds, including PdOEP165, are known radical generators and thus

could act directly as photoinitiators. Indeed, recent work on 3D printing with visible-light
has

used porphyrins as co-initiators110. Thus, we conducted control experiments to

compare the polymerization rate using solely PdOEP to that of the TTA system with energy

Figure 3.9: Log-log plot of conversion rate vs. light intensity for various resin formulations
and illumination wavelengths. The TTAP system illuminated with green light, as used for
high-resolution 3D printing here, is shown by the green circles. When the TTAP resin is
illuminated with blue light to directly excite the photoinitiator I2100 (blue squares), a much
higher rate of polymerization is observed, but with a much weaker dependence on intensity,
consistent with a one-photon excitation. The black diamonds depict the rate dependence of a
system with only the monomer and photoinitiator (ETPTA and I2100). These are compared
to the red square point, which shows the polymerization rate of a resin formulation with
only monomer and PdOEP in the concentrations that are present in the standard TTAP resin.
The purple pentagon shows the polymerization rate with all components of the TTAP resin
except DPA.
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transfer to a different initiator, as shown in Figure 3.9. In particular, a resin made with
monomer and PdOEP in the concentrations present in the TTAP resin, but lacking DPA,
I2100, TEMPO, and triphenylphosphine (red square) shows a rate of polymerization 2
orders of magnitude slower than the TTAP system (green circles) at high intensities, and
at a rate that is impractically slow to measure at substantially lower intensities. This result
was confirmed in printing experiments on the inverted microscope, as roughly 100x the
exposure time was required to achieve similar sized features with only PdOEP as initiator.
It was therefore concluded that direct initiation by PdOEP does not contribute significantly
compared to the primary TTAP mechanism for the concentrations present in our resin
formulation. To rule out any potential interference of TEMPO and triphenylphosphine, the
polymerization rate was measured under green light in a resin that included all of the
components of the TTAP resin except DPA. This data point, the purple pentagon, shows
that the rate of polymerization is very slow, of similar rate to the previous experiment, and
indicates that PdOEP is also not doing TTA or directly exciting the I2100 photoinitiator.
These data further confirm that all of the components for TTAP are required for high
resolution printing and the mechanism is as we hypothesized.
Figure 3.9 also contains data on polymerization rate for a resin containing only
monomer and I2100 (no PdOEP, DPA, TEMPO, or triphenylphosphine) (black diamonds),
which was excited with blue light. This served as a control experiment where the rate of
polymerization was measured with respect to light intensity for a basic one-photon
excitation scheme for photopolymerization. The data fall very close to those for the TTAP
resin excited with the same wavelength of blue light and the power law exponent in this
case is 0.46 ± 0.04, very close to the expected value of 0.5 when bimolecular termination
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reactions dominate.161 This provides further confirmation that the dominant mechanism for
both the blue squares and black diamonds is direct one-photon excitation of the
photoinitiator and shows that the addition of TEMPO and triphenylphosphine do not
significantly change the dependence of rate of polymerization on light intensity.
3.6 3D Printing with TTAP
TTAP was then used to fabricate a variety of 3D structures by translating a
motorized stage and objective lens to control the in-plane position of voxels and the focal
plane respectively, examples of which are shown in Figure 3.10. An elephant design
(shown as printed using a conventional SLA printer in Figure 3.10a) was voxelized (Figure
3.10b) and printed using TTAP with a spot size of 0.55 µm. The resulting micro-scale
structure, as visualized by scanning electron microscopy (Figure 3.10c-d), shows excellent
fidelity to the original design and high spatial resolution in 3D. Figure 3.10d shows the
elephant from a top view, where single layers of voxels make a stair-step shape and measure
0.6 μm apart, which matches the size of projected features. Our method relies on printing
voxels one at a time by turning the LED source on for the desired exposure time and then
moving the stage to the next voxel location, and thus is currently limited to slow speeds of
order one voxel per second. However, with additional steps to ensure homogeneous
intensities across the field of view, it should be possible to increase this rate substantially
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Figure 3.10: a) Macro-scale elephant printed using a commercial 3D printer. Ruler
shows size in millimeters. b) Voxelization of the design with ~800 points. c-d) Microscale elephant printed using TTAP with 17 W/cm2 and 0.15 s exposure with a 0.55 µm
square spot, as visualized with SEM c) at a 45° tilt angle away from vertical and d) from
directly above. e-h) Corresponding images for an open strut-like structure with f) a ~
6000 point voxelization g-h) printed using TTAP with 17 W/cm2 and 0.1 s exposure
with a 0.55 µm square spot. SEM images are g) at a 30° tilt from vertical and h) from
directly above.
in the future by writing many spots in parallel with the DMD.
Open structures with suspended features were also printed, as shown by the cube
made of struts in Figure 3.10e-h that were printed with 0.1 s illumination time per voxel.
Open periodic structures like these may be useful for microfluidics, mechanical
metamaterials, or drug delivery applications. However, we note that the low-angle
intersections between struts showed some undesired broadening, and a few thin unintended
polymer fibers can be seen in Figure 3.10g. In future work, it will be important to improve
print fidelity, e.g., by optimizing the resin formulation, illumination conditions, and
development process.
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3.7 Comparison of Features Printed with Green Light and Blue Light
Features were printed using both blue light and green light and a 0.55 µm spot size
to compare direct excitation of the photoinitiator to TTAP. Ten spots were printed 4 µm
apart with green light using 0.5 s illumination time and light intensity of 17 W/cm2. The
exposure time in this case was higher than previous experiments to achieve obvious
features in optical microscopy. By systematically decreasing blue light intensity, we were
also able to obtain isolated submicron features as shown in Figure 3.11a. Five spots were
printed 10 µm apart with 0.2 s exposure times and light intensity 0.71 W/cm2.
To optimize for printing 3D objects, the dose was decreased for both blue and green
light below the limit to see individual features. Printing with green light used 0.2 s exposure
times and 17 W/cm2 while blue light used 0.2 s exposure times and 0.52 W/cm2 However,
even using these conditions, attempts to 3D print structures with blue light were
unsuccessful. For example, Figure 3.11b shows that after exposure of only 50 voxels,
printing with blue light has led to severe overexposure and formation of a large bulbous
polymerized region above the focal plane, while printing with green light limits
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Figure 3.11: Comparison of features printed with green light and blue light using a 0.55
µm spot size and observed from an angle 45° from the vertical a) Conditions were
optimized for both green and blue light to achieve submicron features. b) Bear design
printed and stopped after 50 points and c) 100 points. The feature printed with blue light
has broken off but the size can be inferred from the residual film. d) Finished design with
770 points; left feature observed at a 15° from the vertical. e) Bear design voxelization,
where the x and y axes represent the steps, which correlate to twice the printed size in
microns.
polymerization to a thin region near the coverslip. After 100 exposures, the sample printed
with blue light had already grown to an extent that it extended through the entire 70 µm
thickness of the sample chamber and was about 20 µm wide. This feature adhered to the
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opposite coverslip and was torn off the substrate during post-processing, leaving behind
only a crater from which we estimate the lateral dimensions of the polymerized region.
After 770 exposures, the bear was successfully printed with green light, while the sample
printed with blue light once again tore off of the substrate during processing, leaving behind
a crater suggesting it had grown to ~ 100 µm in lateral extent, or about 10 times the
programmed dimensions. During printing with blue light, the weak dependence of rate on
intensity leads to substantial polymerization out of the focal plane, which over multiple
printing steps leads to dramatic overexposure and uncontrolled growth of the printed
object.
3.8 Diffusion lengths for triplet-state PdOEP and DPA molecules
The diffusion coefficients for sensitizer and acceptor molecules were calculated
using the Stokes-Einstein equation:

𝐷=

𝑘𝐵 𝑇
6𝜋𝜂𝑅

The viscosity η of the monomer ETPTA is 60 cP . RPdOEP was set at 7 Å166 while RDPA was
set at 4 Å.167 At room temperature, this yielded values for DPdOEP and DDPA of 4.8×10-12
m2/s and 8.3×10-12 m2/s respectively. These values were then used to calculate the diffusion
length according to the following formula:
𝐿 = √6𝐷𝑡
where t is the lifetime of the excited state, or 0.5 ms and 1 ms for PdOEP and DPA,
respectively. Using these values, diffusion lengths of 120 nm and 220 nm were calculated
for PdOEP and DPA, respectively.
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3.9 AFM Measurements of TTAP Features
Atomic Force Microscopy (AFM) was used to measure properties of features
printed with TTAP, including dimensions, modulus, and adhesion. We collaborated with
Jason Killgore and Thomas Kolibaba at NIST in Boulder, CO to obtain AFM images
(Cypher, Asylum Research) to measure the height of single voxel exposures, as shown in
Figure 3.12. This was especially valuable as heights of single features could not be
measured accurately with SEM due to observation being at an angle. Height contrast
images of single features show that decreasing light intensity and therefore dose decreases
height of printed feature. Micron-sized features were able to be printed with lower light
intensities since the resin had aged for ~ 2 d and therefore was more sensitive to light doses
as some oligomers had formed. Notably, the polymerized area did not decrease
proportionally with height difference. This could be attributed to similar high
concentrations of radicals and excited species at the focal plane, but this is subject to future
investigation.
Features with many connected voxels were also characterized. Three lines were
fabricated with 0.55 µm exposed spot size, using 0.1 s exposures at 12.4 W/cm2, and with
0.75 µm between voxels. This spacing was selected as shorter spacings tended to yield
features that increase dramatically in size with subsequent exposures, and larger spacings
yielded individual spots instead of features joined into single lines. A 3D height map of the
lines was created from AFM data, shown in Figure 3.13A, and height contour of the center
line is shown in the graph in Figure 3.13B. Periodic height differences of about 50 nm were
observed along the line feature with peaks located 0.76 µm apart, which directly correlates
to the spacing between exposures that compose the line. This shows that while single
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exposures are useful for controlling polymerization kinetics, they create inconsistency in
the final features. Therefore, printing with continuous light exposure will be desirable to
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Figure 3.12: AFM height contrast images for 0.55 µm square exposures of 0.1s in
duration and intensities estimated at A) 17.0 W/cm2, B) 15.5 W/cm2, C) 14.0 W/cm2, D)
12.4 W/cm2. E) Graph of polymerized volume as calculated from height and area in AFM
with respect to light dose for these features
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Figure 3.13: A) 3D reconstruction using AFM of the tips of three lines printed
using TTAP B) Contour line of height along the center line feature.
improve resolution and roughness observed in TTAP.
3.10 Parallel Printing with TTAP
The DMD was used for parallel printing with TTAP. In these preliminary
experiments, nine squares with side lengths measuring 0.55 µm at the focal plane, were
exposed simultaneously. Single features were printed in series for comparison with the
same exposed area. Both sets of features were printed with 17 W/cm2 light intensity and
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0.2 s exposures, and the results are shown in Figure 3.14. Series exposures of single
features yielded dots with consistent size and shape when printed with the same conditions,
even when the conditions involve some overexposure, like in the larger features in Figure
3.14a. However, features printed in parallel are not the same size across the mask of 9
features. The top left feature is largest, with features decreasing in size from left to right an
top to bottom so that the smallest feature is located in the bottom right of the array. Notably,
these size differences are repeatable and not random in the array, as the second set of 9
features have the same size difference pattern as the first. Large resulting features when
printing in parallel can be attributed to reflected and out-of-focus light contributing to the
light intensity at a given point in the volume of the resin bath and initiating polymerization.
However, size differences across the array are unexpected, especially in the pattern
observed in the experiments. This will be valuable to investigate further in the future.

Figure 3.14: a) Single features printed with inset mask where side lengths on the square
measure 0.55 µm (top) and 1.1 µm (bottom) b) Two exposures using inset mask where
squares measured 0.55 µm per side
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3.11 Conclusion
In summary, we have demonstrated triplet-triplet annihilation as a route to
sub-micron resolution photopolymerization by transferring the energy of the singlet
acceptor to a photoinitiator. Kinetic analysis shows that the polymerization rate depends
more strongly than linearly on light intensity, thereby allowing polymerization to be
confined to the focal point of the illuminating light spot, in a manner similar to two-photon
polymerization. Voxels with sub-micron dimensions can therefore be printed within the
bulk of a resin layer, enabling high resolution 3D printing with a low-intensity LED light
source and offering potential for volumetric fabrication via other printing architectures.
Future studies may focus on further improving resolution by tuning resin formulation, as
well as on increasing write speed by parallelization. We anticipate that this demonstration
of TTAP will drive further innovation in the field of high-resolution 3D printing and open
new avenues to achieve sub-micron scale fabrication without the use of coherent and pulsed
illumination.
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CHAPTER 4
CHEMOMECHANICAL CONSTRUCTS
4.1 Introduction
The field of stimuli-responsive materials has advanced significantly in recent years
and a wide variety of stimuli, including light, temperature, pH, magnetic fields, and specific
chemical triggers, have been used to produce changes in shape or mechanical
properties.51,168 These materials take inspiration from living organisms, in that they are able
to respond to their environment in dynamic ways, and have been applied to a wide variety
of applications including 3D printing and drug release.169–173 However, even the most
advanced synthetic materials and systems appear rudimentary compared to the complexity
and adaptability of biological systems, which feature sensing, signal transduction, logical
elements, and homeostasis. Self-sustained oscillatory and regulatory behavior are therefore
critical to the development of more complex and life-like active systems.
Chemomechanical oscillation has been demonstrated in several polymeric systems
where a reactant is consumed to achieve cyclical changes in shape or properties without
dynamic external controls. Oscillatory chemical reactions such as the Landolt clock and
Belousov-Zhabotinsky (BZ) reactions have been used to swell and deswell pH responsive
gels.174 In this case the network only responds to the chemical reaction that runs by itself.
Additionally, ruthenium catalysts have been embedded in gels to perform the BZ reaction
where the swelling of the gel acts as a critical part of the oscillatory process so that reactants
can reach the catalyst.175–177 Self-walking behavior and networks of oscillating gels have
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been demonstrated, but the BZ reaction requires nitric acid and bromide ions, which are
not compatible with biological systems.
Other oscillatory systems have been designed, such as a system that modulated
porosity and stiffness of a membrane using glucose as fuel in a continuous stirred tank
reactor (CSTR).178 This approach shows promise for drug delivery, but requires a CSTR
and has not been used to drive mechanical motion, limiting potential applications.179 An
oscillating system of microposts embedded in temperature responsive hydrogel was
demonstrated inside a microfluidic chamber, where reactants in a fluid layer reacted with
catalyst at the tips of the microposts, generating heat and pulling the posts out of the layer
repeatedly.180 In this case, mechanical motion was achieved through a combination of
responsive materials and clever engineering, but the system requires a spatially separated
liquid bilayer in a microfluidic device and is therefore difficult to generalize.
Here we propose and demonstrate initial steps toward a fundamentally new
mechanism to achieve sustained chemomechanical oscillations using multilayer polymer
films that can control a chemical reaction via deformation of the films, namely by folding
in a manner that physically restricts access of reactants to a catalyst.
4.2 Chemomechanical Oscillator Design
Chemomechanical oscillators were designed using an origami-inspired structure as
illustrated in Figure 4.1, which was based on previous work from the Hayward group.181 A
catalyst located on one panel transforms reactants in solution into products that diffuse into
the gel layer, causing it to swell and therefore drive folding of the device. Upon closing,
reactant access to the catalyst is cut off, stopping the reaction. Products are therefore
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allowed to diffuse away from the swelling gel, causing deswelling and unfolding of the
device, upon which the reaction restarts and the cycle repeats. The rate of hinge closing
and opening depend on the swelling kinetics of hydrogel layers that induce shape
change,182 bending mechanics of thin polymer sheets,183,184 and rate of chemical reaction
to generate pH change.
4.3 Materials and Methods for Trilayer Fabrication
Folding trilayers were fabricated in similar fashion to previous work by our
group.181,185 Photocurable polymers were used for the devices and were synthesized
according to standard procedures for free radical polymerization. The crosslinking moiety,
benzophenone, was incorporated in the form of benzophenone methacrylate, synthesized
by a lab member (Adam Hauser). For the formation of stiff polymers, 4-methylstyrene (3
g, Aldrich), benzophenone methacrylate (0.287 g), and rhodamine B methacrylate (0.0407

Figure 4.1: Chemomechanical oscillator design using a patterned catalyst layer on top of
a stiff polymer with a swelling hydrogel hinge layer to cause bending
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g) were combined in a 50 mL round bottom flask with azobisisobutyronitrile (AIBN; 0.012
g, Aldrich) and dioxane (10 mL), sparged for 30 min with N2, and then closed and heated
to 85°C for 48 h to facilitate free radical polymerization. The flask was then opened to the
environment and products were precipitated in methanol twice.
Three polymers that form swellable hydrogels were synthesized. First, 2(dimethylamino)ethyl methacrylate (DMAEMA; 2.14 mL, Aldrich), benzophenone
methacrylate (0.1 g), AIBN (0.011 g, Aldrich), and dioxane (10 mL) were combined in a
50 mL round bottom flask, sparged for 1 h with N2, then closed and reacted at 80° C for 20
h. The products were then precipitated in cold hexanes, which left a very sticky product.
Dissolution in chloroform and reprecipitation in hexanes gave a less sticky product, which
was then placed in the vacuum oven overnight at 40° C.
Second, acrylic acid (AA; 0.15 g, Aldrich), N,N-diethylacrylamide (DEAM; 2.277
g, TCI), and benzophenone methacrylate (0.22 g) were combined with AIBN (0.011 g) and
dioxane (10 mL) in a 50 mL round bottom flask, sparged with N2 for 30 min, closed and
heated to 80° C for 20 h to react, then precipitated in hexanes. The product was very sticky,
so it was redissolved in dichloromethane (DCM) and precipitated in hexanes again, which
gave a powder product. The product was placed in the vacuum oven overnight at 40°C.
Third,

poly(oligoethyleneglycol

methacrylate-r-benzoylphenylmethacrylate)

(POEGMA) was synthesized similarly. Oligoethyleneglycol methyl ether methacrylate
(OEGMA; 2 g, Aldrich), benzophenone methacrylate (0.0213 g), AIBN (0.0109 g,
Aldrich), and 15 mL of a solvent mixture (1:1 ethanol:dioxane) were added to a 50 mL
round bottom flask, sparged with N2 for 30 min, and heated to 60° C for 3.5 h. The polymer
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was purified by dialysis with 8 kDa molecular weight cutoff in water for three days,
changing dialysate every 12 h, then freeze dried to retrieve a viscous product.
Hybrid gold catalytic nanoparticles were synthesized supported on ~20 nm
aminopropyl capped silica nanoparticles. The amine groups were intended to attach the
gold nanoparticles and interact with the polymer matrix to help disperse them in the gel
network. These particles were synthesized via a redox method, where 367 µL of 10.9
mg/mL HAuCl4 in DI water was added to 6.3 mL of additional DI water. Aminopropyl
SiO2 was added drop wise over the course of 1 min (3.3 mL, 3 w/v%, Sigma) with stirring
over ice and then stirred for an additional 5 min. The solution became slightly turbid and
was a dull yellow color. The vial was then removed from the ice bath, and while stirring
rapidly, 1 mL of NaBH4 solution (2.8 mg/mL) was added rapidly. The solution
immediately changed to a dark brown or rusty red color, and was allowed to stir for an
additional 5 min. The particles were then centrifuged for 20 min at 7800 rpm and the
supernatant was removed and replaced with 10 mL of ethanol. The new solution was
shaken using a vortexer and then sonicated for 30 min, a cycle that was repeated three times
until the particles were suspended in solution. Gold nanoparticles were observed to be
supported on the silica particles and measured 2-5 nm via transmission electron microscopy
(TEM; Jeol-JEM-2200FS). Gold nanoparticles of this size are known to catalyze the
reaction of glucose to gluconic acid.186–188
Devices were fabricated on a silicon wafer with a release layer to prevent adhesion
of the folding end of the trilayer to the substrate. First, a silicon wafer was cleaned with
acetone and isopropanol (IPA), then covered with polyvinyl alcohol (PVA) (2 wt%,
Aldrich) by spin coating (5000 rpm, 60 s). Large wafers with the thin PVA coating (~50
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nm) were cut into 1 cm2 squares and dipped halfway into bath containing RO water for a
short time (2-5 s) and removed smoothly. This generated a sacrificial layer on half of the
wafer. Devices were then fabricated along this line, such that the hinge and folding panel
were positioned completely over the PVA film, while the other panel extended onto the
bare silicon substrate.
Photopatterning was accomplished using a UV light (365 nm, pE-100, CoolLED)
reflected off of a digital micromirror array device (DMD; DLP Discovery 4100, Texas
Instruments) and projected through an optical microscope (Nikon Eclipse Ti) with a 10x
objective lens. This instrument is described in detail in previous work from our group.154
Chemomechanical device design is shown in Figure 4.2. The bottom stiff layer was
patterned by spin-coating a filtered solution (containing 50 mg/mL PpMS-BP-RhB in
toluene) to a thickness of ~200 nm (2000 rpm, 60 s). This was crosslinked via UV light
exposure for 10 s, soft baked at 75° C for 3-4 min, then developed for ~ 1-2 s in toluene.
Next, the gel layer was drop cast using 30 µL of solution (containing 35 mg/mL PDEAMAAc-BPMA in chlorobenzene) inside a chamber for 4 h at 45° C. This layer was soft baked,
then exposed to 10 s of UV light, soft baked again, and developed in a marginal solvent
with toluene and hexanes in a ratio of 3:2 for 10-15 s. The top stiff layer was deposited in

Catalytic gel
Copolymer hydrogel
Stiff layer
Bending
Figure 4.2: Design of trilayers for oscillating behavior
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the same way as the first, except the development used the marginal solvent recipe of
toluene and hexanes in a ratio of 3:2 for 10-15 s.
Catalytic nanoparticles were patterned on top of the trilayer by blending particles
with POEGMA using 10 wt% particles in POEGMA and 40 mg/mL POEGMA in ethanol.
This mixture was spin coated at 1500 rpm for 60 s, photopatterned using 1 min UV light
exposure, and developed with a solution of 1:1.4 ethanol:hexanes.
Enzyme

gels

were

also

used

for

catalysis.

Lithium

phenyl-2,4,6-

trimethylbenzoylphosphinate (4 mg), N,N-methylenebis(acrylamide) crosslinker (160
mg), and phosphate buffered saline (pH 6, 8 mL) were mixed to form a stock solution. This
stock solution (0.5 mL) was mixed with 100 mg acrylamide and 75 mg enzymes (glucose
oxidase or urease) before fabrication.
4.4 Initial Experimental Design, Challenges
Hinges with catalysts patterned on top were placed in about 10 mL PBS solution
(pH 7.4) with dissolved reactants. In a first approach, hinges were constructed using
PDMAEMA gels, which increase in swelling in response to acidic conditions. Dissolved
glucose was converted to gluconic acid with hybrid AuNPs with the addition of 1 mL 30%
H2O2 in solution to aid the catalytic cycle.189,190
However, despite many experiments with varying formulation and development
conditions, residual particles were found across the entire wafer and could not be removed.
Furthermore, while high concentrations of particles in solution were shown to be catalytic
even weeks after synthesis, particles deposited or patterned on the hinges did not appear to
be catalytic, since the hinges did change angle within minutes as expected, which indicated
56

that the local pH was not changing quickly. The global pH changed over the course of 4-8
hours, measured by pH strips and a pH meter and resulted in very slow hinge closing, which
is consistent with background conversion of glucose to gluconic acid from H2O2 alone
throughout the entire solution bath. This repeatable result seemed to indicate that the
particles aggregated and could not be developed after spin coating, and either lost their
catalytic properties, or were not present in sufficient quantities to catalyze glucose
conversion.
4.5 Enzyme Gel Motion
Pivoting away from AuNPs, enzymes were used to catalyze conversion since they
are much more catalytically active than nanoparticles, although they require strict pH
ranges to remain active.191–195 Enzymes dissolved in an aqueous solution of monomers
were formed into a photo-patterned catalytic gel on top of the folding devices. While the
enzyme-loaded gels were catalytically active, the slow swelling kinetics of the pH
responsive hydrogel in the hinge led to acidification of the entire volume of solution before
the hinge could fold completely (in about 30 min).
As was described by Siegel et al., swelling in PDMAEMA gels is fastest at high
buffer capacity, large pH changes, and thin samples.196 This work also showed that it is
‘impossible’ to reach the pH 7 equilibrium swelling condition from a low pH, swollen state
since the gel amines are protonated and require higher concentrations of strong base to
remove protons for deswelling. These all represented significant barriers to oscillation in
this system. At high buffer capacity, fast catalysis is required to produce the necessary acid
to overwhelm the buffer local to the gel and induce swelling, which results in hinge folding.
Once swollen, the gel would need to be surrounded by high pH solution to deswell rapidly
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and open the hinge again. Glucose oxidase is highly active around pH 7, but its catalytic
activity drops off significantly above pH 8.197 This disallows the use of high pH buffer
solutions which therefore limit the fabricated hinges to slow deswelling kinetics. At low
buffer capacity, less catalytic activity is required to overwhelm the buffer, but the swelling
kinetics of the gel would be much slower than the highly buffered case. For fastest changes
in the swelling ratio, the pH local to the gel must change nearly instantly, but this was
impossible in the designed system that was unstirred and had no external manipulation
after the final solution replacement. Instead, the pH of the gel likely changed slowly as a
wave of increasingly acidic solution diffused past the gel and outward into the rest of the
chamber.
Motivated by the slow swelling kinetics of the PDMAEMA gels, we switched to
PDEAM-AAc-BpMA as the responsive hydrogel and urease as the enzyme. This system
was selected to move away from gels with pKa’s near neutral where slow swelling kinetics
were observed and towards enzymes that maintained catalytic activity under more extreme
conditions so that fast swelling could be induced using larger changes in pH. In this system,
the gel swells at higher pH, which can be achieved by producing base. Urease transforms
urea to ammonia, which can increase the pH in a buffer system since the ammonium cation
has a pKa of about 9. Acetate buffer was used instead of PBS and set at pH 4.0 with 1 mM
acetate buffer and 10 mM NaCl. After release, acetate buffer solution containing 0.2 M
urea and a few drops of bromthymol blue indicator was added onto the hinge. Bromthymol
blue transitions from yellow to blue in color when pH increases, which provided a visual
indication for where and when pH changed in solution. Figure 4.3 shows the hinge before
and after release where the hinge reaches an equilibrium angle in the buffer solution before

58

urea is added. Enzymes are located in the circular gel, which measures about 5 µm thick
on the left panel of the rectangular hinge.
a

b
Hinge
Initial folding

Enzyme gel

Figure 4.3: Folding hinges in buffer solution a) before release and b) after release
The release solution was almost entirely removed and replaced three times, while
the wafer stayed covered with solution for each replacement, which helped remove any
residual enzymes not located in the gel and buffer solution while not allowing the hinge
dry out or fold flat and adhere to either itself or the substrate. The final solution replacement
included urea along with the buffer and indicator to start the reaction. Ammonia was
rapidly generated, which caused fast hinge folding as shown in Figure 4.4. After 20 s the

Figure 4.4: Hinges after the addition of urea solution at time a) 0s, b) 20 s, c) 60 s, d)
600 s. The solution was stirred and pictures taken e) 0 s, f) 20 s, g) 60 s, and h) 600s after
stirring. Scale bar = 500 µm
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Figure 4.5: Side view of petri dish containing wafer with device and buffer solution with
bromthymol blue indicator. The red arrow points to the hinge located on the wafer, which
is pink in color. The black arrow points to the blue cloud.
hinge folded to 90°, after 60 s the hinge had folded almost flat, and after 10 min the hinge
remained folded. Inspection of the petri dish showed a thin layer of basic solution covering
the wafer after 10 min, as indicated by color change from bromthymol blue. This is shown
in Figure 4.4d where the tinting of the picture is more blue than others and Figure 4.5,
where a thin blue cloud can be seen over the wafer. Consequently, the solution was stirred
to introduce fresh solution to the device. The hinge opened in response to the low pH
solution, but did not close again, which appeared to indicate that the enzyme lost catalytic
activity at some point during the tests.
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4.6 Conclusion
In summary, chemomechanical motion was demonstrated using enzyme gels to generate
pH change near a responsive hinge. Oscillation was not observed, which may be attributed
to several factors. First, it was not clear that localization of catalyst was successful, and
extra enzymes could have been on the wafer or in solution. Second catalyst activity was
not consistent through the duration of the experiment. While AuNPs appeared to be
catalytic in solution, they didn’t appear catalytic in the polymer matrix and were difficult
to localize. Enzymes were highly catalytic initially but appeared to lose activity after about
10 min at elevated pH (~ 8) which has precedent.191 In addition, kinetics of gel swelling
proved to be a barrier to chemomechanical oscillation, as fast opening and closing of the
hinge should correlate to fast switching for the reaction. However, the local pH changed
relatively slowly, and slow gel swelling was observed. Furthermore, it was unclear whether
hinge closing corresponded to a reduction in catalysis at the patterned catalytic site. While
the origami hinge folded onto itself (a fold angle of π) under some conditions, the pH kept
increasing near the substrate, but we were unable to ascertain whether this was due to
residual enzymes on the substrate, poor reaction cutoff after folding, or another mechanism.
While this work yielded some promising results, challenges remain before the system can
be fully understood and optimized for oscillation. In addition, work with a similar aim was
published recently.198 One avenue for future work could include the use of a microfluidic
device where chemomechanical hinges can be placed in a continuous flow state such that
the enzymes never reach high pH conditions.
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CHAPTER 5
CONCLUSIONS AND OUTLOOK
This thesis presents a new 3D printing technique using light, an application of 3D
printing to metamaterials, and a system of catalyst powered motion to develop soft robotics.
Each of these advances highlight the importance of reliable fabrication techniques on the
micron scale, especially additive manufacturing. In this chapter the work is summarized,
and future directions are discussed.
In Chapter 2, mechanical linkages were investigated for use as logical elements and
rotation was restricted using linkages with switchable lengths. While previous reports have
studied linkages and fabricated model systems, none have engineered the configuration
space and modified it with compliant materials.105 While compliant materials can cause
signal loss in logical materials41,89 which can inhibit function, we designed devices to use
material compliance to

access new configurations compared to models and instill

transistor-like behavior. Additive manufacturing was used to build custom beams with
properties including bending and stretching (1 stable state), bistability (2 stable states), and
variable length (multiple stable states), which facilitated tunable energy barriers that
transform the linkage configuration space. To develop this system further, large scale
metamaterials must be constructed to prove utility. Close collaboration with physicists will
be required to develop a set of design principles to build a two-dimensional metamaterial,
and material choice will be critical to the properties of the finished structure.
Miniaturization of the linkages through high resolution additive manufacturing methods
will allow these bulk materials to be characterized and compared with more established
metamaterials such as kirigami structures. Using the gating mechanisms discussed in
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Chapter 2, the metamaterial may exhibit switchable mechanical properties, where small
changes in length of specific beams will cause the material to exhibit stiff or floppy
properties across the entire network. As has been shown previously, incorporating
responsive materials into 3D printed structures brings new properties like shape
morphing.199 Introducing responsive materials like liquid crystal elastomers or pH
responsive hydrogels to selected units will enable switching of bulk mechanical properties
with changes in common environmental conditions such as light or acidity.
One method for high resolution 3D printing of mechanical metamaterials could be
the TTAP system described in Chapter 3. In the field of additive manufacturing with light,
sub-micron features have only been demonstrated with two-photon polymerization and
projection microstereolithography. Of these two processes, only TPP can consistently
achieve resolutions of ~100 nm, and this is only achieved by using high intensity pulsed
lasers. Printing within a resin bath is common using TPP and with the growing field of
volumetric 3D printing techniques, which all require complex optical setups. While
previous work used TTA to initiate photopolymerization143,145, TTA had not been used for
sub-micron resolution 3D printing. This work demonstrated fabrication of sub-micron
features through the thickness of a resin bath with low intensity light from an LED source
that used relatively simple microscope optics to achieve these printing properties. While
this work on TTAP represents a significant step in 3D printing, several outstanding
challenges remain before TTAP can compete with TPP.
First, resolution with TTAP must be pushed to the ~100 nm size scale through a
combination of optics and optimization of the resin formulation to be competitive with
TPP. Resin viscosity can be increased to decrease broadening due to diffusion, as was
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introduced in section 3.4, and concentration of inhibitor decreased to increase resin
sensitivity to light. Light may be projected off a single pixel on the DMD, which will
project a square with edge lengths 137 nm per side, which may yield ~200 nm features
under appropriate conditions. Even with these changes, light intensity may need to be
increased to deliver a critical light dose to initiate polymerization.
Next, the volumetric write speed of TTAP must be increased by about three orders
of magnitude to compete with common forms of 3D printing like direct laser writing114,
and even more to compete with advanced TPP.21 Some initial steps in this direction include
the use of DMD controlled illumination, multiple write spots and volumetric printing
techniques. One way to immediately increase write speed is use MATLAB to actuate the
mirrors on the DMD to turn exposure on or off in each area. This will reduce delay time
that is related to waiting for the stage to move to each location and for the light to turn on
and off. This same technique can be used to print with multiple light spots. To develop this
technique thoroughly, polymerization rate with respect to light intensity must be measured
for arrays of micron and sub-micron write spots at known distances from each other.
Multiple spots may be illuminated on the DMD in various configurations, including arrays
of squares, lines, or tori. Polymerization volume may be measured with SEM and AFM
with the aim to investigate and model polymerization both in and outside the light focal
volumes in the resin. With this understanding, volumetric techniques such as
spatiotemporal focusing may be used to fabricate features rapidly within a resin bath.
Kinetics of TTAP also require investigation to understand the initiation rate
compared to TPP or SLA printing. Triplet lifetimes of the sensitizer and acceptor molecules
should be measured in the resin system and photon upconversion measured in both liquid
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resin and solidified resin. Upconversion may be measured in fluorescence experiments
with photoinitiator in the resin and without to quantitatively determine the role of nonradiative energy transfer.
Finally, TTAP should be expanded to different material systems using monomers
including thiol-ene chemistry, N-isopropyl acrylamide (NIPAM), acrylic acid, and
urethanes. Different photoinitiators should be tested for optimal resolution printing,
including pure TPO-L and pure Irgacure 819, the two components of Irgacure 2100.
Alternative TTA pairs should be tested to build a library of initiation systems and be able
to print with many wavelengths of light. Each of these developments will propel TTAP
further to compete with the state of the art SLA and TPP printing techniques in resolution,
material choice, and volumetric print rate.
In Chapter 4, folding structures based on origami changed shape in response to local
pH change catalyzed by enzymes that were photopatterned on the hinge. While other
groups have now achieved oscillations in hydrogels using enzymes198, our origami
platform is unique in its applications to metamaterials and soft robotics since greater shape
changes are achieved. Advancements with this system could include building origami
metamaterials that exhibit chemically powered motion, then placing the material into a
flow cell that can induce oscillatory motion. This motion can be applied to soft robotics for
medical applications like smart valves or chemical signaling without electrical stimuli.
In closing, the work presented in this thesis has advanced the related fields of
additive manufacturing, metamaterials, and soft robotics by applying well-understood
chemistries to problems in materials engineering. While the field of 3D printing has moved
rapidly during the course of this research, significant challenges remain that necessitate
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further efforts and innovation. Potential applications abound for the fields of 3D printing
and fully programmable materials, and it is my sincere hope that the systems demonstrated
here serve to catalyze future efforts and inspire the next generation of scientists to discover
and develop technologies that surpass even our imaginations.
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